Recently, robotics has increasingly become a companion for the human being and assisting physically impaired people with robotic devices is showing encouraging signs regarding the application of this largely investigated technology to the clinical field. As of today, however, exoskeleton design can still be considered a hurdle task and, even in modern robotics, aiding those patients who have lost or injured their limbs is surely one of the most challenging goal. In this framework, the research activity carried out by the Department of Industrial Engineering of the University of Florence concentrated on the development of portable, wearable and highly customizable hand exoskeletons to aid patients suffering from hand disabilities, and on the definition of patient-centered design strategies to tailor-made devices specifically developed on the different users' needs. Three hand exoskeletons versions will be presented in this paper proving the major taken steps in mechanical designing and controlling a compact and lightweight solution. The performance of the resulting systems has been tested in a real-use scenario. The obtained results have been satisfying, indicating that the derived solutions may constitute a valid alternative to existing hand exoskeletons so far studied in the rehabilitation and assistance fields.
Introduction
Over the past few decades, wearable robotics have been adopted in more and more sectors and, lately, the so called "assistive technology", that is the set of all the products that helps people to live as healthy, productive, independent, and dignified as possible, whatever their condition, has started to be more and more widely used also by the health care system [1] [2] [3] [4] . There are more than 1 billion people all over the world who need at least one assistive device, however, and high costs and inadequate funding mechanisms allow only the 10% of the ones in need to have access to these products [5] . Keeping in mind the current state of the art [6] [7] [8] [9] , the authors have tackled this issue moving a step forward the democratization of the assistive technology by developing a low-cost hand exoskeleton to been carried out in. Then, starting from the same structure and kinematic architecture reported in Section 2), three different versions of the prototype have been sequentially developed to get closer to the user's needs. Sections 3-5 will describe the main accomplishments of each version in mechanical design, actuation system and control strategy.
Overall Framework
The research activity was conducted at the Mechatronics and Dynamic Modeling Laboratory (MDM Lab) of the Department of Industrial Engineering of Florence (DIEF). The MDM Lab has been active in the field of wearable robotics since 2013. In that year, the very first prototype started to be developed. A patient affected by Spinal Muscolar Atrophy (SMA) was the first user of the device, which was specifically developed for his needs and basing on his requirements. This first version of the hand exoskeleton prototype represented a first embodiment of the novel 1-DOF kinematic mechanism architecture which has then been later developed during the following years. In 2016, a collaboration with the Don Carlo Gnocchi Foundation Rehabilitation Center of Florence allowed to enlarge the target of possible users of the device. This scenario demands for the adaptation of the designed robotic system to different patients' hands. Exploiting the Motion Capture (MoCap) system available at the Don Gnocchi Rehabilitation Center, several studies focusing on the hand kinematics were carried out and a new Acrylonitrile Butadiene Styrene (ABS) exoskeleton was developed in accordance with the necessity of tailoring different fingers gestures. Currently, the collaboration with the Don Gnocchi Foundation deals with the study of innovative control strategies for hand exoskeleton systems based on surface ElectroMyoGrapchic (sEMG) signals. Preliminary studies have been successfully concluded and some patients have already been enrolled for the testing campaign, which is about to start. At the time of writing, two projects are ongoing: HOLD, funded by the University of Florence and BMIFOCUS, funded by the Tuscany region.
Kinematic Architecture
Assistive robotic devices are, in general, made of both mechanical parts and electronics (e.g., sensors, power supply circuits, micro-processors and motors). They need thus to be carefully controlled in order to provide an intuitive and safe utilization. Achieving a smooth, comfortable, and robust control is a requirement that has to be kept in mind since the very beginning of the whole design process. The accurate development of a novel mechanism, characterized by a single DOF per finger allowed to precisely and comfortably reproduce the complex hand kinematics. Exploiting a single-DOF mechanism per finger granted for the control of only one variable (per finger) and resulted in the exploitation of less sensors and in the reduction of the computational burden.
The overall architecture of the system is split into two parts: a fixed frame, integral with the back of the hand, which houses motors and electronics, and four mobile finger mechanisms which act on the four long fingers. Motion and forces are transferred from the motors to the fingers by means of a cable transmission. An in-depth analysis of the kinematics of the single-DOF finger mechanism is presented in this paper for the first time and detailed in the following. For the sake of brevity, what reported below is related to just one finger mechanism, but the same analysis can be applied to all long fingers mechanisms as well. Figure 1 shows the single-DOF kinematic chain exploited to move each long finger: The center of the reference system x 1 y 1 related to the body A is fixed to the hand, roughly right above the MetaCarpoPhalangeal (MCP) joint. The other reference systems x 2 y 2 , x 3 y 3 , x 4 y 4 , x 5 y 5 and x 6 y 6 are integral with the bodies C, B, E, D and F. To simplify the notation each reference frame will also be related to a specific joint following the numerical progression (e.g., joint 1 is related to frame x 1 y 1 , joint 2 to frame x 2 y 2 and so on). Component F is a thimble which has been added in the first version of the presented hand exoskeleton whose presence does not modify the 1-DOF kinematic chain of the device. For this reason, even if the thimble introduces a second connection point with the hand, this will not be considered a proper end-effector and the attention will mainly focus on component E. All these parameters are completely known because they represent geometric quantities, depending only on the design of the exoskeleton parts. Consequently, it is possible to solve the extended direct kinematic modelq = f(α 2 , S) ∈ R 12 (see Equation (11)) of the mechanism writing a function of α 2 and S, whereq is the unknown part of the state vector q:
The closed form resolution of the aforementioned forward kinematic is given hereinafter. Each component of vectorq is highlighted in blue when it is solved in terms of only α 2 and elements of S. Starting from Equation (1), it is possible to obtain Equations (12) and (13):
From Equations (2) and (4), the following equations can be written:
and solving the system:
where
and depends only on known values. Now α 3 can be computed as:
At this point, Equations (19) and (20) can be written from Equation (3):
From Equation (6), one can get
and from Equations (5) and (7):
As in the previous cases, it can be obtained
4 p
where:
α 4 is now calculated as:
Finally, 1 p 6 results:
At this point, the motion is completely described and the positions of every joint relative to the 1-frame is given. Figure 1 also shows the trajectories of the finger mechanism joints, providing a qualitative overview of the resulted kinematics of the mechanism when fingers are actuated.
First Prototype: Kinematic Validation
A first version of the hand exoskeleton (shown Figure 2 and detailed in [34, 35] ) has been designed and manufactured to test the embodiment of the kinematic model proposed in Section 2. A patient affected by SMA was the first user of the device, specifically developed for him. 
Mechanical Design
All the mechanical parts have been 3D-printed using a Dimension Elite by Stratasys in ABS thermoplastic polymer. One of the main advantages of 3D-printing technology is that it allows to manufacture components without considering technological constraints due to the particular production method as well as it may happen using subtracting processes. Then, among different 3D-printable materials, ABS has been chosen because it represents a satisfying trade-off between good mechanical characteristics, lightness, and cheapness.
The design process was composed of three sequential phases. Firstly, 2D trajectories of the index finger of the specific user were acquired exploiting open source software Kinovea, https://www.kinovea.org/ (accessed on 26 March 2019). Secondly, an optimization MATLAB-based algorithm [36] minimized the constrained nonlinear multi-variable function describing the kinematics of the mechanism, modifying its geometrical parameters and leading the mechanism kinematics to fit the acquired trajectories. Thirdly, a scaling phase allowed to adapt the kinematic model to each patient's finger by resizing the geometry of the index finger mechanism accordingly to the dimensions of the other fingers. Then, once the mechanism features was defined, virtual tests exploiting SolidWorks Motion Simulation tools have then been carried out to assess, before the manufacturing of the device, the hand-exoskeleton kinematic coupling and interaction in simple opening and closing gestures. Finally, right before the manufacturing, the mechanical parts have undergone a further reshaping process which has changed their structure, but which has not changed their overall kinematics (as shown in Figure 2 , the shapes of the real parts differ from the straight lines of the kinematic model, but the position of the joints has remained unchanged). This later step was required to avoid possible interpenetrations with the hand and, as described in the following lines, for reasons of mounting and loading conditions.
In particular, component C was split in two parts guaranteeing a symmetric load configuration during the use of the exoskeleton and obtaining a more stable solution. Components D was made in two parts as well, allowing them to be assembled together. Component E, which represents the hand-exoskeleton interface, has been designed to wrap only the back side of the finger phalanx not to reduce the sense of touch, while a Velcro held the finger tight achieving a solid connection. To reduce the lateral encumbrances of each mechanism, pins and shafts were directly integrated in the ABS components as lateral rods. All the aforementioned modifications are graphically reported in Figure 3 . 
Actuation System and Control Strategy
As visible in Figure 2 , both the transmission and the actuation system are placed on the hand backside, as well as the mechanisms are positioned on the fingers, and they do not impede objects handling. The reduction of the total mass, which was one of the main requirements of the device, has led to the choice of high power density actuators to be directly mounted on the back of the hand.
Four Savox SH-0254 servomotors, http://www.savoxusa.com (accessed on 26 March 2019), one per long finger, have been selected for their characteristics: maximum torque of 0.38 Nm and maximum angular speed of 7.69 rad/s at 6.0 V, with a size of 22.8 × 12 × 29.4 mm and weight of 16 g. These motors have been modified to allow for the continuous rotation of the shaft despite the resulting loss of position feedbacks. The four servomotors are in charge of opening the fingers at the same time by pulling cables which have two connection points on each finger mechanism. Closing gesture is, instead, passively allowed releasing the same cables.
The control unit was based on a 6-channels MicroMaestro control board, https://www.pololu.com (accessed 26 March 2019) which has been chosen for its cheapness, its lightness (only 5 g), its small dimensions (21 × 30 mm ) and, above all, because its six channel matched the number of external devices that had to be connected to the board: the aforementioned four servomotors and two buttons, one for opening and one for closure triggering action. The control unit and the actuators were powered by a compact 4-cell Lithium battery (at 6.0 V), which was placed in an elastic band on the arm of the user, provided with a safety switch close to the buttons case, mounted instead on the forearm.
Regarding the control strategy, the system was controlled by a simple script, stored and running directly on the MicroMaestro chip-set. The code had to continuously check for one of the two buttons to be pushed and held down and then react by sending the corresponding command to the actuators. This version did not include sensors for fingers position feedback and the bounds of the exoskeleton range of motion were manually managed by the user (keeping pushed or releasing the buttons) in order not to overcome his anatomical limits. Even thought there was one motor per finger, the possibility to move each of them independently from the others has not been considered for simplicity and all the long fingers were moved together.
Testing
The whole mechatronic system described in the previous sections has then been assembled and tested to evaluate the manufacturability of the adopted solution (see Figure 2) . The single DOF mechanism, the one visible in Figure 1 , consists in a closed kinematic chain mechanism capable of applying a defined roto-translation motion to the middle point of the intermediate phalanx. Again, Kinovea software has been employed in this testing phase. The exoskeleton has been worn by the user who has been told to perform some opening and closing gestures. Colored markers have been placed on the mechanism joints and their trajectories have been extracted from the images. Finally, the acquired trajectories has been compared to the kinematic model ones. The comparison between real data and simulated trajectories are presented in Figure 4 only for the index finger mechanism. The same considerations can be adopted for all other long fingers. Despite the fact that the comparison of the trajectories has given encouraging results-in particular with regard to the joint 2, which is the main point of interaction between the exoskeleton and the finger-tests conducted on this first version highlighted several flaws which negatively impacted on its usability.
•
The patient pointed out that being forced by the exoskeleton to move the fingers only on the flex/extension plane (this prototype did not allow for the ab/adduction movement of the MCP joint) resulted in an extremely annoying feeling.
•
As well as the comfort, also the intuitiveness of control was very low: the patient had, in fact, to use both hand to move just one because of the buttons-driven actuation system.
The lack of a proper position feedback over the flex/extension angle of the finger did not allow for a safe automatic control over the Range of Motion (ROM).
• The solution provided by the exploited optimization algorithm was, by the nature of the algorithm itself, strongly dependable on the choice of the initial state, which was arbitrarily made accordingly to the imposed geometric constraints. This process hence resulted in being low-adaptable to different hand sizes because of the necessity of proper setting the initial state of the algorithm every time, and it also offered no guarantees of finding a real optimum solution.
The tested device hence resulted in being still far from a clinical application and many improvements had to be made to move towards that direction.
Second Prototype: Ergonomics and Adaptability Improvements
Starting from the weaknesses of the exoskeleton version discussed in Section 3 and considering that the adaptability and the ease of wearing requirements must be, not only kept, but also improved, a second prototype of the hand exoskeleton has been developed and printed. In particular, thanks to the experience gained during the testing phase several modifications have been made to produce a more comfortable and wearable system, and develop a new design procedure easier to adapt to different users. The high wearability of a system is hence endorsed by its transparency with respect to the hand natural kinematics, rising from a device which is not felt as a constraint, but whose use actually results straightforwardly intuitive. Both the optimization strategy, leading to a mechanism which replicates at best the fingers gestures, and the revamping design, heading to a lighter solution, contribute to a system better accepted by the end user.
Mechanical Design
The optimization algorithm, in charge of modifying the geometry of the device accordingly to the fingers trajectories has been replaced: a Nelder-Mead based optimization algorithm, used to solve non convex, non linear constrained problems, has been applied achieving a straightforward adaptability to several users [37] . Taking acquisition data (collected exploiting a BTS SMART-Suite MoCap System by BTS Bioengineering (BTS Bioengineering, Garbagnate Milanese (MI), Italy)) and the kinematics of the mechanism as inputs, the implemented algorithm provides a customized geometry specific for each patient.
A CAD model has then been developed by using parametric dimensions to make the whole procedure automatic. This choice leads to two important consequences. Firstly, the position of each joint results directly connected to the outputs of the optimization routine without requiring manual intervention. In addition, as well as tested with the first prototype, a parametric CAD model enable wearing simulations. By replicating virtual opening and closing gestures with the device worn by the user, the exoskeleton kinematics and its coupling with each finger can be checked and assessed. The ABS prototype is then print out exploiting the Fused Deposition Modeling (FDM) additive manufacturing technique.
Even though the overall kinematics of the finger mechanism has not been changed with respect to the first prototype, the mechanical architecture of the exoskeleton has been subjected to important modifications. The thimble wrapping the finger tip has been eliminated leaving only one contact point between each finger and the device. By removing this component, the driving purpose of the finger mechanism has been kept but the uncomfortable feeling of having the whole finger constraint to a rigid system has been avoid. This choice also leaves the touching feeling while grabbing objects. A passive DOF has been added upstream joint 1 (refer to Figure 1 ) to follow finger abduction and adduction motions during hand opening and closing. This solution also improves the auto-alignment between finger and mechanism joints.
Actuation System and Control Strategy
To get closer to the needs come out during the tests on the previous prototype, this new "release" of the hand exoskeleton presents only two servomotors Hitec HS-5495BH (http://hitecrcd.com/products/servos/sport-servos/digital-sport-servos/hs-5495bh-hv-digitalkarbonite-gear-sport-servo/product): one of them guides the index finger flexion/extension, the other one is in charge of moving the other three long fingers. In addition to reducing the overall weight and encumbrance of the system, reducing the number of actuators overcome an issue that has immediately occurred the high difficulty to prevent the four motors from acquiring more and more relative phase shift with the prolonged use.
Two motors, one the other side, require an important change in the transmission system: because of the different sizes of each finger mechanisms (due to, in turn, the dissimilar dimensions of the fingers), closing and opening velocity for each finger must be different one to the others. To overcome this issue, the pulley spliced to the output shaft of the actuator in charge of moving three long fingers has been thought with three different diameters. That introduced a set gear ratio and, since the wires connected to the three fingers mechanisms winds pulley with different diameters, middle, ring and small finger mechanisms are moved at the same time with the same motor but each one at its own suitable speed. The overall weight of this new prototype resulted in 242 g. Regarding the characteristics of the new actuators, they present a maximum torque of 0.735 Nm at 7.4 V with a size of 39.8 × 19.8 × 38.0 mm and a weight of 44.5 g. The maximum angular speed is 66.67 rad/s at 7.4 V.
Also the control system has been developed aiming to the same goal headed to during the mechanical design: the total costs, complexity and weight of the system must be kept as low as possible. In this framework, Arduino Nano represented a simple, cheap, but performing solution. Two magnetic encoders (15-bit resolution) are spliced on joint 1 of the finger mechanisms ( Figure 5 ). Since one servomotor actuates the index and the other one the other three long fingers, in order to guarantee a suitable control of the grasping, only two encoders are needed: one placed on the index and one on the little finger. They measure the value of the angle α 2 , which identifies pose of the mechanism and, consequently, of the finger fixed to it. The control strategy is characterized by two main control loops that have been added to safely stop the motion of the exoskeleton once the ROM limits are reached (namely maximum opening and closure), and to check if an object is grabbed. While the permanence within the ROM boundaries is easily checked by means of the direct measurement from the encoders, the grabbing of an object is recognized and detected by the evaluation of the length of the unrolled cable twice. The first evaluation is made by the kinematic equations of the mechanism and the second one exploiting the motors speed and the pulleys radius. Comparing the differential measurement to a fixed threshold (set at 10 mm, which is roughly the length of a quarter of the motor pulley circumference) allows to understand if the actuation system is still releasing cable while the hand is not further moving. This means that an object is likely grasped. In both cases each motor stops while holding its current angular position.
Testing
In this the results obtained related to the validation and testing of the second prototype will be presented and discussed. A real ABS prototype has been hence 3D-printed to test the manufacturability of the kinematic architecture and assess the goodness of the optimization strategy for different users. The tests have been carried out at the Don Carlo Gnocchi Foundation Rehabilitation Center in Florence, Italy, making use of the MoCap system used also to evaluate the motion of the hand alone; the cameras configuration exploited to validate the second prototype is the same used during the motion capture of the hand.
The right index finger motion of the 13 subjects enrolled to validate the performance of the optimization procedure has been assessed through a MoCap analysis during three consecutive flexion/extension movements. Taking the aforementioned trajectories as reference, the proposed optimization process has been carried out over the 13 healthy subjects and the results are reported in Table 1 . Table 1 . Length and width of the hand, maximum, average and standard deviation (Std Dev) of the error between the desired and the real trajectory for the index finger, and maximum, average and standard percentage error expressed with respect to the subjects' finger length. The results reported in Table 1 allowed to verify and check the reliability of the optimization algorithm when different hand exoskeletons have to be adapted to hands characterized by different dimensions. The average of the maximum calculated errors (this measurement provides a quantitative value of the difference-maximum distance-between the trajectory tracked by the user's finger and the one generated by the finger mechanism of hand exoskeleton) was 3.16 mm (standard deviation 1.47 mm). That proves the goodness of the implemented optimization strategy in adapting the a-priori defined one-DOF kinematic chain to the user's anatomy.
Dimensions [mm
These new tests have shown promising results with regard to the portability of the device. With the addition of the passive DOF on the ab/adduction movement of the MCP joint, the exoskeleton is considerably more compliant with the hand movements and can be worn longer without feeling as uncomfortable as before. Moreover, the automatic control over the ROM reliably prevents the exoskeleton to move the fingers towards unnatural or painful positions, liberating the user from the fear of hurting himself if not enough attention was paid. The result achieved with new optimization strategy of the geometry of the finger mechanism can be considered even more important though. In fact, this new process allowed the mechanism to be quickly adapted to different users, paving the way to future experimental campaigns on multiple patients. However, the buttons-triggered actuation still remained an open up point to be further investigated.
Third Prototype: Intuitive Control
This current version of the exoskeleton (Figure 6 ) is represented by a fully portable, wearable and highly customizable device that can be used both as an assistive hand exoskeleton and as a rehabilitative one. Both mechatronic design and control system are developed basing on the patients needs in order to satisfy users' daily requirements increasing their social interaction capabilities. Figure 6 . The figure shows, on the left, the final and current version of the exoskeleton prototype developed by the DIEF worn by a healthy subject and, on the right, the corresponding kinematic chain and CAD model. Colors and names (capital letters) of the components, and joints enumeration are reported as introduced in Section 2.
Mechanical Design
The mechanics of this last exoskeleton has been revamped to achieve a more lightweight solution improving its wearability without influencing the obtained results in terms of accuracy while replicating hand gestures. The new system is actuated by a single servomotor and a specific cable driven transmission system has been developed to open all the four long fingers together at the same time. Different mechanisms velocities are obtained thanks to different pulleys diameters, which are calculated depending on users' fingers dimensions, and coupled with the same common shaft which is moved by the motor through a belt transmission. The mechanism kinematic architecture has been further modified by eliminating component D of Figure 1 . Thickness of components C and B has thus been increased to bear the heavier load cycle these components are now subjected to during functioning.
Actuation System and Control Strategy
The first important difference with respect to the previous systems is that, as reported above, another motor has been removed adopting a single-motor actuation system. Even though the motor has not been changed, the exploitation of just one actuator has brought with it some advantages: the total weight of the system has been remarkably reduced and the control code has resulted in being computationally lighter, not having to manage the coordination between motors. Nevertheless, the main difference of this prototype lies in the triggering system. Tests conducted on the second version of the prototype have hence stressed the importance for the user of being able to use both hands independently, pushing the buttons-based triggering action to be replaced with something which could allow for an autonomous control of each hand. Following the most recent research trends in literature (e.g., [38, 39] ), a specific EMG-based control architecture has been developed letting the user the total control of the exoskeleton actuation without being forced to use the other hand (as it happened with the first and the second prototypes).
Accordingly to the guidelines of the research work, also the electronics of the system has been reduced to the minimum necessary. Two MyoWare Muscle Sensors (AT-04-001) by Advancer Technologies https://learn.sparkfun.com/tutorials/myoware-muscle-sensor-kit have been chosen for collecting EMG signals from specific forearm muscles, i.e., flexor digitorum superficialis and extensor digitorum superficialis. These sensors, small (20.8 × 52.3 mm) and low-powered, measure the electrical activity of a muscle, outputting either raw EMG signals or enveloped EMG signals, which are amplified, rectified and integrated.
The proposed control strategy, presented in [40] and detailed in [41] , can be split in two main parts, which are sequentially executed every 33 ms (i.e., at 30 Hz). The first one is in charge of classifying user's intentions from the muscular activity measurements, the second one instead manages the corresponding actuation of the system. Within the second part of the code, an outer control loop checks if the system overcomes a fixed ROM and an inner control loop, which is only active during hand closing, is meant to check if an object is grasped. by evaluating the closing velocity of the index finger. when it drops below a fixed threshold while the motor is still running, it is reasonable to think that the hand has encountered an object or an obstacle. Real-time information about the position and the velocity of the index finger is collected by means of the magnetic encoder mounted on the exoskeleton in correspondence of the MCP joint of the finger.
Since the human hand can perform lots of different gestures and the corresponding muscles are very close to each other, a precise classification of every user intention usually requires the use of workstations, which is definitely far away from the idea of cheapness and wearability this project is based on. Hand opening, hand closing and hand resting have then been considered as the only possible user's intentions to be classified, as they represent the basic hand motions for the ADLs.
The classification phase is carried out by means of an algorithm called "Point-in-Polygon algorithm". This algorithm works on the base of a ray-casting to the right. It takes as inputs the number of the polygon vertices, their coordinates and the coordinates of a test point; each iteration of the loop, the line (ray) drawn (cast) rightwards from the test point is checked against the polygon perimeter and the number of times this line intersect a different edge is counted; if the number of crosses is an odd number of times, then the point is inside, if an even number, the point is outside. This classifier is tuned during a preliminary training phase through a custom Qt Graphical User Interface (GUI) developed by the authors. It is a user-friendly tool which allows for collecting EMG signals and for displaying them on a 2D Cartesian plane, whose axis report respectively data from the first and the second sensor. Once the EMG data has been collected for all the three aforementioned gestures, it is possible to manually draw the geometric figures which delimit the data corresponding to the same gesture. The correct choice of the parameters of the polygons (e.g., vertices, shape, size) represent a crucial point of the classification phase which is supposed to be performed basing on patient's needs to improve the accuracy and the rejection of disturbs.
Testing
At the time of writing, the version of the exoskeleton presented in this section is at the heart of an application for an experimental campaign protocol that has not been submitted to an Ethical Committee yet. Only a few preliminary tests have been conducted and their results can be found in [41] . Although quantitative data about the proposed control strategy still lack, it can be asserted that it, surely, represent a step towards intuitiveness and a step forward for the prototype itself.
Conclusions
This work collects the results of the research activity on wearable robotics carried out at the Mechatronics and Dynamic Modeling Laboratory of the Department of Industrial Engineering of the University of Florence during the years 2015-2018. The activity focused on the study of design strategies for hand exoskeletons, starting from the analysis of state-of-the-art solutions and leading to the development of new robotic devices. Hand exoskeletons mechanical design constituted the main subject of the research, motivated by the issue that people who have lost or injured hand skills are deeply compromised in the possibility of an independent and healthy life with a sensitive reduction in the quality of their lives themselves. Since robotic devices, such as hand exoskeletons, may represent an effective solution for the patient affected by hand opening disabilities, or other mobility impairments, the focus was particularly given to the development of a robotic solution provider of an aid during prolonged and high-intensity rehabilitation treatments. Such systems also contribute to reduce costs and burden for the therapists, as long as being an effective aid in the execution of ADLs.
The overall research activity aimed not only to present the design of the hand exoskeletons developed by the University of Florence, but also, and actually mainly, to propose new user-centered and patient-based strategies which can be adopted in the production of wearable systems. The optimization-based scaling strategy (which, starting from the users' own gestures, leads to a tailor-made device) along with the mechanical choices (which guarantee the outline of a lightweight and compact overall system) center the end-user on the design process and the proposed wearable systems are fully designed around him. In all the presented hand exoskeleton prototypes, the system kinematics plays the main role for the design of a tool as much wearable as possible, which guarantees a comfortable feeling even during the prolonged use.
Starting from the same kinematic architecture, three different hand exoskeletons have been developed heading for four features mandatory for the actual use of the device: the comfortable feeling for the user, the adaptability of the kinematic chain of the finger mechanism to the patient's hand, the safe use of the device, and the user-friendly activation system and control of the exoskeleton. Table 2 summarizes the main results achieved in the design of each prototype. However, achieving the aforementioned feature was particularly difficult when the constraints of the single DOF had to be maintained. The proposed solution resulted in a tight (due the 1 DOF per finger, cable-driven, single-motor system) device capable of precisely replicating the hand gestures. The satisfying results highlighted the goodness of the derived solutions, which may constitute a suitable alternative to existing hand exoskeletons. Nonetheless, there is still room for improvement: for instance, clinical trials exploiting the reached device may allow for the assessment of the impact the hand exoskeleton would have during real rehabilitation sessions. A testing phase, employing a real actuation system, represents the first opened up point, which could lead to the necessity of improving the mechanical architecture of the whole exoskeleton in order to increase its usability and efficacy. Also the employment of different materials, whose structural features may benefit the robustness of the device, inspires the possibility for further investigations [42, 43] . The last, but not least, important issue which is worth being explored in the near future is the assessment of the pose of the hand depending on the task it is required to accomplish. As reported in [44] , the control of hand posture involves a few postural synergies leading to reduce the number of degrees measured by the hands anatomy and independently on the grip taxonomies. In this sense, considering the synergies occurred in some specific gestures [45] in the motion analysis assessment (Section 4.1) would allow the exoskeleton to guide the fingers with more effectiveness.
All these issues, whose resolution constitutes a natural continuation of the research activity carried out thus far, will be subjected to further investigation in the very near future.
